Abstract-The use of mmWave frequencies is one of the key strategies to achieve the fascinating 1000x increase in the capacity of future 5G wireless systems. While for traditional sub-6 GHz cellular frequencies several well-developed statistical channel models are available for system simulation, similar tools are not available for mmWave frequencies, thus preventing a fair comparison of independently developed transmission and reception schemes. In this paper we provide a simple albeit accurate statistical procedure for the generation of a clustered MIMO channel model operating at mmWaves, for both the cases of slowly and rapidly time-varying channels. Matlab scripts for channel generation are also provided, along with an example of their use.
I. INTRODUCTION
The use of millimeter-wave (mmWave) frequencies for cellular communications has been historically neglected due to the higher atmospheric absorption that they suffer compared to other frequency bands and to the larger values of the free-space path-loss [1] . However, recent measurements have shown that mmWave attenuation is only slightly worse than in other bands, as far as propagation in dense urban environments and over short distances (up to 100-200 meters at most) is concerned [2] , and, thus, a large body of work has been recently carried out on the use of mmWave for cellular communications [3] , [4] . Despite several channel measurement campaigns, and some statistical models used for MIMO transceiver design validation [5] , [6] , a systematic channel model for mmWave links is not yet available. This letter provides a clustered statistical MIMO channel model that enriches and builds upon previously considered models, explicitly taking into account the system geometry, the pathloss, and the possibly time-varying nature of the channel. The main novelty of the proposed channel model with respect to existing alternatives (e.g., [5] - [7] ) can be summarized as follows.
-Similarly to [5] , the model is based on a narrowband clustered representation, but the departure and arrival angles of the rays are not independent but tied by the geometry (i.e. relative position of the scatterers with respect to the transmit and receive antenna arrays) of the system; -The number of clusters is not fixed a-priori but is a function of the link length;
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-The multipath delays also descend from the system geometry, thus providing a multipath delay spread that is an increasing function of the distance between the transmitter and the receiver; -We include in the model a distance-dependent loss, thus enabling system capacity evaluations based on the transmit power and not only on the received Signal-toNoise Ratio; -According to the approach used in [8] , we account for a non-zero probability that a Line-of-Sight (LOS) link exists between the transmitter and the receiver: -The proposed statistical channel model also accommodates time-varying scenarios wherein a relative motion between transmitter and receiver exists and a Doppler frequency arises. The remainder of this paper is organized as follows. Next Section provides the channel model for the case of static channel, while the generation of a time-varying channel is addressed in Section III. Section IV shows a simple application of the proposed channel model, while, finally, concluding remarks are given in Section V.
Notation: Uppercase boldface letters (i.e., A) denote a matrix; lowercase boldface letters (i.e., a) denote a vector; (·) H denotes conjugate transpose; A F is the Frobenius norm of A; |A| is the determinant of matrixA; * denotes convolution. Statistical expectation is denoted by E[·], while CN (µ, σ 2 ) is a complex Gaussian random variable with mean µ and variance
II. TIME-INVARIANT CHANNEL MODEL
A mmWave MIMO channel model is described in this section for a system with N T transmit antennas and N R receive antennas. We start by considering the case of slow fading, i.e. the channel coherence time exceeds the observation time. According to Fig. 1 , we assume that the propagation environment is made of N cl scattering clusters, each of which contributes with N ray propagation paths, plus a possibly present LOS component; we denote by φ r i,l and φ t i,l the azimuth angles of arrival and departure of the l th ray in the i th scattering cluster, respectively; similarly, θ r i,l and θ t i,l are the elevation angles of arrival and departure of the l th ray in the i th scattering cluster, respectively. Given the position of the scatterers, there is a geometric relationship between the departure and arrival angles; we also include in the model the heights at which the transmit and receive antennas are located, so as to take into account ground surface reflection. Denoting by h TX (t) the baseband equivalent of the transmitted waveform, by h RX (t) the baseband equivalent of the impulse response of the receive filter, and by h(t) = h TX (t) * h RX (t) their convolution, the impulse-response of the linear timeinvariant system between section A and section B in Fig. 2 is a matrix-valued (of dimension N R × N T ) time-continuous function that can be written as follows:
In the above equation, neglecting for the moment H LOS (·), to be specified later, α i,l and L(r i,l ) are the complex path gain and the path loss associated to the (i, l)-th propagation path (whose length is denoted by r i,l ), respectively; τ i,l = r i,l /c, with c the speed of light, is the propagation delay associated to the (i, l)-th path. The complex gain α i,l ∼ CN (0, σ ], depending on the link length d; in particular, the following law is used
i.e., the number of clusters increases with the link length. • . Conditioned on φ t i , the pdf of φ t i,l is thus expressed as
• . For the sake of simplicity, the distance between the transmit antenna array and all the scatterers belonging to the same cluster is constant (i.e. all the scatterers within a cluster are at the same distance from the transmitter), and is generated as a U(1m, 7/4d) random variate; we denote by r i the distance from the transmitter of the scatterers in the i-th cluster. For those clusters whose angle of departure points toward the ground the maximum distance is reduced according to geometrical considerations 3 . Once the departure elevation and azimuth angles {φ 
and
for i = 1, . . . , N cl and l = 1, . . . , N ray . Regarding the path loss L(r i,l ) we use the relation in [8] :
with values β = 50 dB and α = 3.3. Transmitter's and receiver's antenna element are modeled as being ideal sectored elements, so Λ r (φ r i,l , θ r i,l ) and
where x may be either r or t. The array response vectors a r (φ r i,l , θ r i,l ) and a t (φ t i,l , θ t i,l ) are functions of the transmitter and receiver antenna array structure; in this paper a planar antenna array configuration is used for the transmitter and receiver, with Y r , Z r and Y t , Z t antennas respectively on the horizontal and vertical axes for the receiver and for the transmitter, respectively. Letting k = 2π/λ, with λ the considered wavelength, and denoting byd the inter-element spacing we have
where, again, x may be either r or t. 
(10)
In the above equation, δ ∼ U(0, 2π), while I LOS (d) is a random variate indicating if a LOS link exists between transmitter and receiver. We assume that I LOS (d) = 1 with probability 0.5 for d < 5m, and with probability 0.11 for d < 100m, while being zero in all the remaining cases. The Matlab script provided in [10] permits generating the timesampled version of the matrix-valued channel in (1), with both a tunable sampling frequency and shaping filters h TX (t) and h RX (t).
III. TIME-VARIANT CHANNEL MODEL
We now focus on the case in which the channel coherence time is smaller than the observation window, so that it cannot be considered as time-invariant. We assume that variations in the channel impulse response are caused by a Doppler frequency induced by the relative motion between transmitter and receiver, and by changes in the scattering coefficients α i,l . Assuming, for the sake of simplicity, that only the receiver 4 is moving at a speed v along the horizontal axis, the system between section A and section B in Fig. 2 is now modeled as a linear time-variant system whose matrix-valued impulse response is written as
Comparing the above equation with the time-invariant channel model in (1), it is seen that we have introduced Doppler shifts ν i,l and time-variant scattering gains 5 . The Doppler shifts are expressed as ν i,l = −f 0 v c cos θ r i,l cos φ r i,l , with f 0 the center frequency of the considered bandwidth. With regard to the complex path gain, we assume that the discrete-time sequence α i,l (nT s ) that results from the sampling of the received signals with period T s has an exponential correlation, i.e.
The choice of the coefficient ρ should be a function of both the receiver speed v and of the sampling time T s . The LOS component in (11) is then written as (11) with both a tunable sampling frequency and shaping filters h TX (t) and h RX (t).
IV. SIMULATION RESULTS
In this section we show a simple application of the proposed channel model by evaluating the achievable spectral efficiency cumulative distribution function (CDF) for a typical 5G scenario. We consider a single-carrier transmission of a packet of L data-symbols, with transmit power P T = 0dBW; we denote by M the multiplexing order, i.e. the number of information symbols that are simultaneously transmitted by the N T transmit antennas in each symbol interval. Transmitter and receiver are fixed and both with sector angle 180
• -wide in the azimuth domain and 90
• -wide in elevation. The heigth of transmitter is h T = 7m and the height of receiver is h R = 1m.The inter-element spacingd of the array is assumed to be half-wavelength, and the carrier frequency is 28 GHz. Square-root-raised-cosine pulses with roll-off factor 0.22 are adopted as shaping filters. The discrete-time baseband equivalent of the received signal at sampling epoch n is written as the M -dimensional vector:
Where P is the channel's length, D is the combining matrix with dimensions N R × M , Q is the precoding matrix with dimensions N T × M , s(n) is the M -dimensional data-symbol vector transmitted at time n and w(n) is the N R -dimensional additive noise vector. Letting µ = arg max =0,..., P −1 { H( ) F }, the matrix Q contains on its columns the rigth eigenvectors of the matrix H(µ) corresponding to its M largest eigenvalues, and the matrix D contains on its columns the corresponding left eigenvectors 6 . In order to have a soft estimate, sayŝ(n), of the data vector s(n), we stack the data-vectors r(n), . . . , r(n + P − 1) into the P M -dimensional vector r(n), and process them through a linear minimum mean square error estimator, represented by the (M P × M )-dimensional matrix E. It is easy to show that the LMMSE estimateŝ(n) can be written aŝ
where A is an (M P × M )-dimensional matrix containing the "signatures" of the useful data-symbols, s I (n) is a data vector containing the interfering symbols falling in the processing window and A I is the corresponding signatures' matrix. Following [11] , the achievable rate for the case at hand is written as R = log 2 I M + R −1
and C w = E[w(n)w H (n)]. The achievable spectral efficiency is obtained by normalizing (16) with respect to the signaling interval and available bandwidth.
Figs. 3 and 4 report the spectral efficiency CDF for several values of the number of transmit and receive antennas, of the distance between transmitted and receiver, and of the multiplexing order M . It is shown that performance improves with decreasing distance, as well as that increasing the multiplexing order is more beneficial in the regime of large signal-to-noise ratio (i.e., at shorter distances).
V. CONCLUSIONS
The paper has provided a clustered MIMO channel model, useful for design and analysis of wireless links operating at 6 Note that, due to the presence of intersymbol interference, the proposed pre-coding and post-coding structures are not optimal. Nevertheless, we make here this choice for the sake of simplicity mmWaves. The use of a clustered channel model is broadly considered to be a faithful representation of propagation mechanisms at mmWave, and the provided Matlab scripts [10] may turn out to be useful to make initial and cheap assessments of transceiver algorithms for mmWave links.
